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ABSTRACT

We propose to measure the p(e,e’p)n reaction in the region near-threshold. The pur-
pose of these proposed measurements is to obtain high precision, accurate data in the
region near threshold. These data will allow a multipole analysis which will adequately
constrain models of the eta electro-production process, which is dominated by the excita-
tion of the $,,(1535) resonance. The S;;(1535) is interesting from the points of view that
it has an anomalously flat form-factor, and is the only resonance in this energy region
with any appreciable coupling to the NN channel. However, the possibility of contribu-
tions from the P);(1440) and D,4(1520) resonances, as well as s-, p-, and d-wave non-
resonant Born terms, also exists. Present data do not allow separation of any of these
small contributions. We propose to obtain full eta angular distributions in the center-of-
mass system, as a function of excitation energy up to approximately 20 MeV above thres-
hold, with very good energy and angular resolutions, and very good statistical precision.
Measurements will be made at Q? values of 3.0 and 4.0 (GeV/c)?, and at a Q* of 0.65
(GeV/c)? where we will also perform a Rosenbluth separation to individually determine
the longitudinal and transverse contributions for the first 4 MeV above threshold. These
measurements will provide accurate data of the angular distributions as a function of
energy to allow separation of any small contributions to the form-factor from the non-
dominant terms. Thus, it will provide new information on the 81,(1535) with unpre-
cedented energy resolution. By staying at energies near the eta-production threshold (up
to approximately +20 MeV), we will exploit the fact that the emitted protons are
"kinematically focused" along the direction of the momentum transfer vector, thus allow-
ing full use of the high resolution capabilities of the HRS spectrometers in Hall A.



1. Introduction

The study of nucleon resonances is an important tool for furthering our understanding
of quark models of the nucleon. Accordingly, a rich program to study nucleon reso-
nances is planned and approved for CEBAF. In particular, the electro-magnetic coupling
to the resonances can be calculated with relatively small model dependence, once the
baryon wave-functions are known [Fos 83]. Hence, the study of these couplings is a use-
ful tool in constraining quark models of the nucleon. In electroproduction, it is possible
to measure the form-factor of resonances, as well as the nature of their excitation. The
latter can be characterized by multipole decomposition, and by the responses to the long-
itudinal and transverse states of the virtual photons.

This proposal is primarily aimed at studying the $;,(1535) nucleon resonance via the
electroproduction of etas. Electro-eta production is a powerful tool in the study of the
S11(1535) and its electromagnetic couplings. In the energy range of up to 2 GeV only the
5,1(1535) has a significant decay branching-ratio, ~50%, to NN [Par 94]. Hence, the
existence of an eta in the final state can, to a large extent, provide a tag to the excitation
of this resonance, thus enabling its separation from overlapping neighboring resonances.
Therefore, the study of the §;;(1535) can be done very cleanly through the electro- and
photoproduction of etas. Nevertheless, the existence of an eta in the final state does not
exclude completely contribution from competing processes, such as the excitation of
neighboring resonances whose decay branching ratios to NN are very small but not zero,
or the non-resonant Born terms. To separate these contributions, additional tools can be
used, such as multipole decomposition of the excitation, and the energy dependence of
these contributing multipoles. In the case of the S11(1535), the competing processes
which contribute to the measured NN final state are the Born terms, and the excitations of
the overlapping Py;(1440) and D;3(1520) resonances, whose decay branching ratios to
NN are on the order of 1%. Study of the Born terms is in itself interesting, since it pro-
vides a valuable handle to the determination of the relatively weak and poorly known
MINN coupling [Tia 94]. Knowledge of the 1NN (and 'NN) coupling constants has fun-
damental meaning, and can provide, for example, access to the problem of the fraction of
nucleon spin carried by quarks [Hat 90, Efr 90, Dor 90].

We propose to perform precision measurements of the angular distributions of
electro-eta production from threshold to approximately 20 MeV above it. These meas-
urements will be done at two transferred momenta, Q2 = 2.0 and 3.0 (GeV/c)?, and will
provide the distribution of etas in both 8 and ¢ in the center-of-mass system. The angular
distributions will enable an angular momentum and multipole decomposition and hence,
separate contributions from the P,(1440) and D,3(1520) resonances. The dependence of
the different multipole strengths on the excitation energy, will allow the separation of the
resonances from the Born terms, since the latter are expected to have much weaker
energy dependence. As mentioned, the Born terms are interesting due to their relation to
the NNN coupling and hence should not be viewed only as "background". Finally, the
measurements at the two Q values will facilitate the determination of the S.,(1535) form



factor. In addition, at a lower momentum transfer, Q2 = 0.65 (GeV/c)?, we propose to
perform a Rosenbluth separation near the eta-production threshold. This low Q? meas-
urement also will yield another point for the form-factor near threshold. All these meas-
urements take advantage of (and are limited by) the unique capabilities of Hall A, and are
complementary to those approved for CLAS. In particular, we take advantage of the
"kinematic focusing" which occurs near the eta-production threshold, and the high reso-
lution spectrometers of Hall A. Obviously, the relatively small acceptance of these spec-
trometers imposes a limit to the range of accessible excitation energy. This limitation,
however, is compensated by the very good resolution which can be obtained for the exci-
tation energy, 3W = 1 MeV (FWHM).

Other unique capabilities of Hall A will be utilized in the future, when we intend to
raeasure transferred and induced polarization observables in the excitations of these three
resonances and the non-resonant Born terms. The technique of using the kinematic
focusing, combined with the high resolution spectrometers in Hall A, can be similarly
used to study the isospin dependence of the eta-production process, by measuring
coherent eta production on deuterium, >He and “He. Finally, the same capabilities of
Hall A can extend these studies to other resonances which decay into a nucleon and one
other meson (such as 'N). Such issues are now under study by our group, and will be
the subject of future proposals.

2. Background and Motivation

The threshold for eta production from the proton is defined by an invariant mass of
the final np state, W, of 1485.7 MeV. Earlier measurements have established that
electro- and photoproduction of etas are dominated by resonance excitation [Baj 69, Bec
74, Ald 75, Bra 84, TAPS 94). This may be understood in terms of the facts that the nis
a neutral meson, and that the NN coupling constant is weak [Tia 94, and references
therein], both of which conspire to reduce the contribution from the "background" Born
terms. However, electro-and photo-production of etas can proceed via the excitation of
only selected resonances since the eta, an isoscalar, can couple only to resonances with T
= 2. Moreover, the fact that the decay branching ratio to N is small to all but the
5,1(1535) in the energy region up to 2 GeV, makes this process even more selective.

Electro- and photo-production of etas in the region of the S;;(1535) resonance have
been studied experimentally between 1973 and 1984 [Baj 69, Kum 73, Bec 74, Ald 75,
Bra 84]. New experiments are being performed at Mainz [TAPS 94] and Bonn [Wil 93].
The cross-section for the excitation of the S;,(1535) resonance rises fast with energy and
peaks at W=1535 MeV. The proximity of the eta-production threshold to the peak of the
resonance, and the strong coupling of the resonance to the NN channel, indicate that the
resonance excitation dominates, and that non-resonant background terms must be small.
Indeed, earlier analyses of photo -and electro-production of etas in the S11(1535) region
have attributed almost the entire cross-section to the excitation of the resonance [for



example, Baj 69, Ald 75, Bra 84]. This has been confirmed by preliminary results of the
recent eta-photoproduction measurement in the S;,(1535) region at MAMI [TAPS 94].
In fact, the isotropic angular distributions in the earlier measurements have established
that the excitation in the region of the S,;(1535) proceeds almost entirely via an s-wave
[Bra 84]. Hence, interpretation of the earlier data was based on the assumption that the
entire resonant excitation of the cross-section is due to an s-wave transition. Two of the
earlier DESY and BONN electroproduction experiments have separated the longitudinal
and transverse responses [Bra 78, Bre 78]. The precision which was achieved in these
measurements could only establish that in the energy range of 1.49-1.58 GeV, the ratio
R=0 /07 is 0.23 £0.11, 0.22 £ 0.23 and —0.16 + 0.16 respectively for Q* = 0.4, 0.6 and
1.0 (GeV/c)>.

From the available data, the $,,(1535) resonance stands out as having several unique
features:

e The 8,,(1535) is the only N* resonance with a large, ~ 50%, decay branching ratio to
NN. All the neighbouring resonances, including the S;,(1650), have very small
decay branching ratios to this channel.

o Assuming that the entire eta-production cross-section is due to the excitation of the
5,1(1535), the measured cross-section falls off anomalously slowly with the
transferred momentum [Bra 84]. This is shown in Figure 1, which is taken from
Reference [Bra 84]. While the nearby D,3(1520) falls off as an exponential to the
power 1.60 +0.06, the S,; falls off as an exponential to the power 0.386 %+ 0.013.
This feature is not only unique, but is especially surprising considering that the
D3(1520), which displays the much sharper but common cross-section fali-off with
Qz, is a member of the same SU(6) octet and is a symmetry partner of the 511(1535)
in Constituent Quark Models [Kon 80].

These features are not adequately and consistently explained by theoretical models of
the nucleon [for example, Figure 9 in Ald 75, and Figure ! in CLAS 89]. It was sug-
gested [Bra 78, Bre 78] that the anomalously flat form-factor of the 511(1535) arises from
large longitudinal contributions to the cross-section. However, these suggestions are not
substantiated by the relatively small longitudinal contribution extracted from the data.
Recent calculations by Konen and Weber [Kon 90] suggest that Relativistic Quark
Models (RQM) naturally give rise to large longitudinal contributions to the $,1(1535)
form-factor which may explain the flat form-factor. Again, this cannot be substantiated
by the existing data, which is also not good enough to distinguish between widely vary-
ing predictions of the longitudinal component [Kon 90]. In fact, Konen and Weber
specifically indicate the need for precise measurements of o at Q<1 (GeV/c)2 in order
to check various RQM models.

The availability of modem facilities, as well as the continuous interest in the under-
standing of the electro- and photoproduction of the S;,(1535) resonance, have given rise



to a new generation of experiments. Preliminary data from MAMI indicate that eta pho-
toproduction in the S;,(1535) region occurs almost entirely by resonance excitation.
Although these high-resolution data are of high quality, the use of real photons prevents
the measurement of the longitudinal response, nor does it allow the study of the Q?
dependence of the cross section. An effort is underway at Bonn to measure eta elec-
troproduction in the S,;(1535) resonance region [Got 94]. These measurements will util-
ize a large time-of-flight detector wall to measure the angular distributions of the outgo-
ing proton. The facility at Bonn lends itself to multipole decomposition and the determi-
nation of the LT (0 1) and TT (G¢y) interference responses, as well as to the measure-
ment of the Q® dependence of the cross section. However, the excitation energy (W)
resolution of the data will not be as good as is possible in Hall A (FWHM < 5 MeV), and
the Bonn measurements will focus on the Q% < 1.5 (GeV/c)? region [Got 94]. An experi-
ment is approved for CLAS [CLAS 89], which will measure the electroproduction of etas
in a wide excitation energy range. Here, a multipole decomposition will be obtained
over a Q? range of 0.2-4.0 (GeV/c)?, and the determination of oLt and Oy is possible,
but the resolution in W of these data is expected to be about 20 MeV. In addition, CLAS
does not facilitate good measurement of the longitudinal response via Rosenbluth separa-
tion.

Clearly, for a complete understanding of the S;;(1535), better data are needed to
separate the small resonant contributions of the P,1(1440) and D;5(1520) from the
§,1(1535). Not only will this separation clarify the situation for the S;,(1535), but any
evidence of contributions from the other two resonances will be important since there is
no experimental data showing their coupling to the eta. It is also important to separate
out the non-resonant contributions to the L=0 partial wave of the reaction [Tia 94].
Finally, a more precise determination of the longitudinal response is needed [Kon 90].
With these multifaceted data available, a better determination of the S,;(1535) form-
factors and the electromagnetic couplings will be possible. This experiment will provide
high resolution data in energy (W), and in both center-of-mass angles, 6 and ¢, of the eta
from threshold to approximately 20 MeV above it. It will allow high quality decomposi-
tion of the contributing multipoles, and separation of the Born from the resonant terms.
A detailed multipole analysis of eta photoproduction from nucleons has been done by
[Tia 94] and [Ben 94]; our experiment will provide data to extend such analyses to the
case of virtual photons. The measurement at Q% = 3.0 and 4.0 (GeV/c)?, will provide a
clean measure of the form-factor, and the one at Q2 =0.65 (GeWc)2 will also allow good
separation of its longitudinal and transverse components near threshold. In addition, the
data obtained on the Born terms, can provide significant information towards the under-
standing of the fundamental NN coupling. As such, this experiment is complementary
to the approved CLAS experiment, which will cover a larger W range, but cannot probe
the kinematic range that we propose in the detail and precision that this experiment will
allow.



It was aiready mentioned that the technique we propose, utilizing the kinematic
focusing together with the capabilities of Hall A, provides natural future extensions to
this experiment. The availability of polarized beam and a hadron polarimeter in Hall A
will allow the study of polarization observables in the p(@.e’P)n reaction. The polariza-
tion of the emitted proton is an effective probe of the interference terms between dif-
ferent multipole transitions. This property of polarization observables will be used in an
approved CEBAF experiment, PR-91-011 (Co-Spokesmen: S.Frullani and R.Lourie), to
study the electro-excitation form factors of the Delta and Roper resonances. The value of
polarization observables in pion electroproduction from the nucleon has already received
recognition [e.g., Dom 69, Ras 89]. The same arguments can be applied to eta electropro-
duction. For example, the in-plane longitudinal and transverse components of the recoil-
proton polarization in the S,,(1535) resonance region can be measured, and will allow
the extraction of the ratio of scalar to transverse transition form-factors, Sy /A, in a
manner whereby a number of systematic errors cancel. The formalism for the polariza-
tion observabies (and also the unpolarized observables to be directly addressed by the
experiment proposed here), and the contribution to the various terms from the different
multipoles, is given in Reference [Ras 89). Further study is ongoing to determine
optimum experimental configurations to access these polarized observables.

3. Phenomenology

The inelastic electron scattering cross section can be factorized into the product of a
“virtual photon flux factor”, I, , and the virtual photon absorption cross section, o, [Fos
83]. For the particular case of final states consisting of a single 1 meson and a nucleon,
we can define a polar coordinate system (On*, tbn*) for the 1 in the NN center-of-mass
system (CMS), with the z-axis oriented along the direction of the virtual photon momen-
tum vector (§). Then, the differential cross section may be written:

d30 dcv 2
. = rl x - (W’Q ) N (I)
dodQ, d, dQ,

with the following definitions for kinematic variables which are used throughout the pro-
posal:

o Ecr-WZ_rnpz' 1

T, = :
‘" E, 2mQ l-¢

W = (m?+2mo - Q?)*

Q2=q2_m2 (2)

e = [1+2—g22—tan2(%—)]"] ,



where ® and q are the energy and momentum (in the lab) transferred by the virtual pho-
ton, respectively. Also, relevant for later discussions, is the excitation energy above the
T-production threshold:

In the One Photon Exchange Approximation, assuming an unpolarized incident elec-
tron beam and an unpolarized target, the virtual photon absorption cross section can be
separated into the longitudinal (L), transverse (T), and LT- and TT- interference
Tesponses:

do, do doy do .
= — +e—= + ecos(y) —r(sin8,") )
dQ, dQ,

+ V2e(e + )Cos(¢ﬂ) Q-n (sme 9.

The angle ¢, = ¢1.| is measured in the lab between the electron scattering plane (which
contains the incoming and scattered electrons) and the so-called reaction plane (which
contains § and the outgoing eta momentum vector). Since the photon flux-factor ( T )
and the degree of virtual photon polarization (€) both depend solely on the electron
kinematics, all information on the electromagnetic transition current to the 1N state is
contained in the o, responses.

Each of oy 1, 077, and (o1 +€0y), have unique dependencies on cos 0,", with the
strength distribution determined by the specific partial waves contributing to each term.
In addition, oy 7 has an explicit dependence on sin 911" and Gpr on sin 29,]‘. Specifically,
if only the first 3 leading order partial waves are considered (L = 0,1, and 2), and assum-
ing that the L=0 s-wave part is dominant over the other partial wave contributions, then
the following statements regarding the angular distributions can be made. The G part,
with an azimuthal cos2¢,, dependence, has only a sin 2911' polar dependence with the
strength determined by the partial-wave interference between the dominant s-wave and
the smaller d-wave. The Gt part has an cos¢y, aznmuthal dependence, which is multi-
plied by two polar angular-dependence terms: (i) a sin 9 term with the amplitude com-
ing from the mtcrfercncc of the dominant s-wave with any p-wave component, and (ii) a
sin By, cosB term arising from the interference of the s-wave with the d-wave. The
ammuthally independent parts, 6, and G, have isotropic components driven by the dom-
inant s-wave with a small contribution from the interference of the s- and d-waves, as
well as having on both cos 91,1t (from s-p interference) and coszen' (from s-d interfer-
ence). More specific details on the manner in which the various s-, p-, and d- partial
waves contribute to the various terms can be found in References [Ras 89] and [Wil 93].

From the equations [(1) and (4)] and discussion above, it is clear that measurements
which map the full ¢, distribution will allow separation of the LT and TT interference
responses for specific values of W and Q?, while mapping the full cosen* range enables a
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multipole decomposition. It should be noted that, if absolutely no contributions from p-
or d-wave are present (i.e. only the s-wave NN multipole), then the LT and TT responses
are both identically zero. As will be shown in the upcoming sections, the statistical and
relative systematic precision with which we will obtain for the angular distributions will
allow measurements of both Gpr and o1 even if they are as small as a few percent of the
total cross section. The individual L and T responses can be determined via a usual
Rosenbluth-type separation by measuring the cross section at a fixed (W,Q?) point with
two values of . We will obtain sufficient statistical precision to extract the ratio of R =
OL/O to an absolute level of = + (.03 (with a systematic uncertainty on the same order).

4. Kinematics

The specific choices of kinematical setups proposed here were primarily driven by
three factors:

i. the higher the momentum transfer we can access, the more kinematically focused
the protons are along @, and thus the larger the range in AW for which we obtain
the full 4x in AQ.,;;

ii. a relatively big spread in Q? values is desired for determination of the form-factor
dependence;

ili. a large spread in € is needed between the forward and backward electron-angle
measurements in order to facilitate as good a Rosenbluth separation as possible.

In line with these factors, the following 3 electron kinematics were chosen:

oKIN I Q* = 0.65 (GeV/c)* — for OL, Ot separation
Forward Angle -KINI(f): E,=4.0GeV (e=0.93)
Backward Angle - KIN I(b) : E; = 1.6 GeV (e =0.44)

eKINII  Q?=3.0(GeV/c)?
E,=4.0 GeV

eKINIII Q%?=4.0 (GeVic)?
E, =6.0 GeV

These 3 kinematics are shown graphically in Figure 2. This figure shows the
kinematic contours for p(e.e’ p)n at AW=0 (threshold) plotted in the space of electron
scattering angle versus the angle of §. Curves are shown for the three proposed beam
energies (1.6, 4.0, and 6.0 GeV). The low Q? point, KIN I, is seen to be a good choice
for yielding a large "lever arm” for the Rosenbluth separation (gg,, = 0.93, and €, =
0.44). The higher Q* points (KIN II and III) give the largest AW coverage consistent
with reasonable counting rates and, together with KIN I, span a broad momentum
transfer range for form-factor determination.
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We take advantage of the "kinemnatic focusing” in detecting the protons from the
reaction p(e,e’p)n. To demonstrate the effect of kinematic focusing, Figure 3 shows how
the cone of emitted protons from p(e.e’ p)n opens up around g as AW increases. In this
figure, the solid lines show how, at a fixed value of AW, the proton momentum and angle
with respect to q (8,,,) vary over the whole decay-cone of the 1 (Bn' =(° — 180°). Itcan
be seen that for KIN II, at 16 MeV above threshold, the maximum angular deviation of
the protons from the § direction is less than 3.5°.

TABLE 1. Central Kinematic Values for Proposed Measurements

KIN Q? E, ELECTRON ARM PROTON ARM
e, w AW O P, 8p
GeV/e  GeV) | () (MeV) MeV) () | MeVe) ()
I #1T 0.65 40 || 1349 1056.7 20 3111 7619  -32.83
#2 838.9
#3 921.1
#4 921.1  -29.39
#5 838.9
#6 761.9
Ib) #1 0.65 1.6 || 5124 1056.7 20 -1848 761.9  -20.20
) 838.9
#3 921.1
#4 9211  -1676
#5 838.9
#6 761.9
11 #1 3.0 40 || 39.01 23178 75 2146 | 1657.1  -23.18
#2 1823.5
#3 2004.2
#4 20042  -19.74
#5 1823.5
#6 1657.1
m  # 40 60 | 2662 28547 100 -2385| 19905 -25.57
#2 2195.1
#3 2421.0
#4 24210  -22.13
#5 2195.1
#6 1990.5

For each electron kinematic setting, six proton spectrometer settings will be used.
These 6 proton settings are placed symmetrically in (Pp, 8p) about the central momentum
transfer direction. In this way, by measunng for an equal time at each setting, the most
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efficient coverage of the Mp decay-cone can be obtained for a given AW range. Table 1
details the spectrometer settings to be used for each of the kinematic points. Details of
the acceptances as a function of AW for each kinematic point are given in the next sec-
tion.

5. Measurement Details: Resolutions, Acceptances, and Count-Rates
5.1 Monte Carlo Simulations

In order to evaluate experimental details such as resolution, count-rates over finite
acceptances, etc., a computer Monte Carlo code was developed ("ETA_ACC"). This
code is similar in nature to the code MCEEP [Ulm 91], except that it is less general (e.g
spectrometer transport matrix analysis is not incorporated) and specifically written at this
time for the p(e.e”p)n reaction. The code ETA_ACC accounts for the finite acceptances
and resolutions in both spectrometers, and can sample either from phase-space distribu-
tions (to examine acceptance volumes) or from cross-section-weighted distributions (for
count-rate estimates).

To make estimates regarding expected p(e,e’ p)1} count-rates, we used a cross-section
parameterization of the existing data. The prescription used is as follows. Firstly, since
as discussed thoroughly in the preceding sections, existing data are consistent (within the
acquired precision) with s-wave distributions only, the 1’s are generated isotropically in
the np CMS. Secondly, since the Monte Carlo generates, for every excitation energy W
sampled, the full 4x angular distributions in the np CMS, the relevant cross section
weightings need not be differential in dQ.n*:

d?s
dowdQ,

=TI, x 6, (W,Q% . (5)

The W-dependence used for o, was a relativistic Breit-Wigner function for the
$11(1535), as parametrized and fitted to data in Reference [Bre 78]. To get an appropri-
ate Q* dependence, the absolute value of the Breit-Wigner fit from [Bre 78] (which was
measured at Q? = 0.4 (GeV/c)?) was scaled by the logarithmic decrease as shown in Fig-
ure 1 (from [Bra 84]). Such a parameterization for 6,(W,Q?), along with the appropriate
Mott-type cross-section variation of T, , gives a reasonable estimation of the expected
p(e,e” p)n counting rates.

5.2 Resolutions

In order to understand to what degree various kinematical variables such as the miss-
ing mass (Mp;sc), Bn*. ¢n, and W can be resolved, our Monte Carlo code was used to
“smear” the spectrometer variables by their expected resolution functions. For the elec-
tron spectrometer, angular resolutions slightly worse than the design goal values [CDR
90, sce page A4-29] were assumed: 8¢, """ = 0.59 mr (FWHM), and 50 %2"P°" = | 18
mr (FWHM). These resolution values include the effects of multiple scattering in the
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spectrometer windows, VDC’s, etc. Additional angular smearing due to multiple scatter-
ing of the electrons in the target and target walls will be small owing to the high energy
of the electrons and the thin target to be used, thus the resolution values used in our simu-
lation should adequately account for these effects. Since the multiple scattering of the
protons will be a larger effect, the angular resolutions we assume for the proton spec-
trometer were: 8¢,™"*7" = 1.00 mr (FWHM), and 80,™"P°" = 2.35 mr (FWHM). The
momentum resolutions we applied were more relaxed compared to the design goal:
8P/P, = 8P,/P, = 3 x 10~ (design goal = 1 x 107%),

Using the values quoted above, we determined the FWHM resolution in W to be <
0.7 MeV for KIN [, 0.9 MeV for KIN II, and = 2.0 MeV for KIN III. The missing mass
resolution is equally good, ranging from 1.0-1.5 MeV (FWHM) for KIN 1 and II, and
3.0-3.5 for KIN III. Finally, the resolution for the reconstruction of CMS 7 angles are
(FWHM): 88,," < 5°, and 8¢, < 10°,

The W-resolution quoted above is calculated using only electron-arm coordinates.
However, it should be noted that it will be possible to use the proton coordinates to help
tighten up the W-resolution. This can be understood with reference to Figure 3: for a
particular W-value, there is a specific range of the proton cone both in momentum and
angle. Examination of these ranges gives additional information on the limits of W
accepted. It can be added here that this aspect of using the proton-cone range is very use-
ful in terms of self-calibrating the experiment as a whole. For example, any offsets in the
incident beam energy or electron scattering angle, are manifested either in shifts of the
missing mass peak (away from the n-mass value of 547.45 MeV), or of the expected pro-
ton cone range for a particular W-range.

However, the most sensitive tool we will have for self-calibrating the experiment is
the existence of a threshold and the dramatic increase in the cross section as a function of
AW near the 1-threshold. Given the W-resolution of 0.7 MeV (FWHM) for the forward
angle measurement in KIN I, shifts in AW of roughly 0.1 MeV or less will be detectable.
For KIN I(f), this would correspond to about a 0.5 x 107 relative shift in E,. Thus, the
absolute scale of AW (which is defined as the amount of energy above threshold) will be
known to this level of precision.

5.3 Count Rates and Acceptances

All of the count-rate calculations were performed assuming that we will use the stan-
dard Hall A 15 cm long liquid hydrogen target, and 27 pAmps of beam current. This
results in a luminosity of 1.1 x 10°® s7'cm™. These conditions require less than 100
Watts of cooling power for the target. A cryogenic target system is already planned for
Hall A which will be capable of much higher cooling power, and is in fact a requirement
for several already approved Hall A Collaboration experiments. As such, our luminosity
assumption should be reasonably obtained with the standard Hall A equipment. It should
be noted that we have no restrictions against using a shorter target, and compensatory

higher beam current (e.g. a 4 cm long target, with 100 pAmps), as long as we achieve the
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same luminosity.

The momentum acceptance of both spectrometers was assumed to be £5% of the cen-
tral momentum value. For all proton spectrometer settings, the full angular acceptance
was assumed, AQ = 7.8 msr. The angular acceptance used for the electron spectrometer
varied depending on the particular kinematics; details of this are given below.

The region of phase space covered by the spectrometers for this measurement is
demonstrated in Figure 4. This figure shows simulation results for KIN II. Shown are
the regions populated for a AW range of 0-15 MeV. The location of the 6 proton spec-
trometer settings are shown in the middle and bottom graphs by the solid lines. Note
that, in these graphs, the origin of the proton spectrometer transport-angle system
(67" ", 9,7"P°M) is located directly along the central § direction (84 = -21.46°).

For KIN II and for KIN I(b), we can utilize the full angular acceptance of the electron
spectrometer: A, "P" =+ 30 mr, and AG,"*P°" = + 60 mr. However, for the other 2
kinematics, I(f) and III, it is necessary to restrict the angular acceptance of the electron
for analysis of p(e.e’p)n events. This need can be understood with reference to the top
graph in Figure 4; this graph shows the correlation between electron angle and momen-
tum required to obtain a certain value of W. Because of this correlation, when examining
a small AW bin, as the electron angle varies so 100 does the electron momentum. These
variations show themselves as a displacement of the proton cone from p(e,e’ p)n, both in
proton angle and momentum. Given the limited region of proton angle and momentum
which can be easily accessed with as few different spectrometer settings as possible
(shown as the 6 proton settings in Figure 4), accepting a too large electron-angle range
can result in moving the proton cone outside of the accepted region. For this reason, the
usable electron acceptance is limited to: Ag,™¥P™ = £ 10 mr, AG, ™" P = + 10 mr for
KIN I(f); and Ag,™"P°" = £ 30 mr, AG,"™P" = + 30 mr for KIN IIl. These angular res-
trictions may be done in software during data analysis, or could be done using custom
collimators in order to reduce singles rates in the electron spectrometer (although these
singles rates are not prohibitively high, as will be shown in the next section). All rate
estimates and quoted run times account for these restricted acceptances.

In order to acquire sufficient statistics to enable binning in both OTI' and ¢n‘. 25 hours
of running time at each of the 6 spectrometer settings are needed for each of both KIN II
and HI. Similarly for KIN I, 12 hours of running at each of the 6 spectrometer settings
for both the forward and backward angles will be used. A full summary of the estimated
total counts for each kinematic point (summing contributions from all 6 proton settings
for that point), are given in Tables 2-3. The distribution in AW bins is given, as is the
fraction of the total Np decay cone which we will accept for each bin. Note that the
count rates quoted for KIN 1(f) have already accounted for the fact that cuts on both @
and q need to be made on that forward angle data in order to provide the good w-q
phase-space overlap required for the Rosenbluth separation.
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12 hours for each of 6 Proton Settings = 72 hours per KIN|| Extraction Uncertainties
Luminosity = 1.1 x 10°8 s~ ¢m ™2 [Assume : £ 1% error on
cross—sections |
AW-Range KIN () KIN I(b) ifR=0.1 ifR=02
Counts AQ.‘/4x| Counts AQ."/4n|| Aoy Aoy| Aoy Aoy
MeV) | <10 (%) | x10% (%) % B B (%
0.0 - 08 11.1 100 14.9 100 2.2 31 24 17
08 -16 19.5 100 26.0 100
16 - 24 24.2 23 320 89
24 - 32 27.1 78 354 73
32-40 283 59 36.5 55 m

Figure 5 shows an example of how the events are distributed in 9,1' as a function of
AW. From this figure, it can be seen that as AW increases above a few MeV, our setup
begins to miss 1)’s symmetrically about 90°. For AW = 15 MeV in the kinematics shown
(KIN II), approximately 50% of the produced n’s are missed. Although we will accept
events with AW much larger than this, analysis of these events becomes increasingly
ambiguous because of the larger and larger extrapolation required to the un-measured
angular regions. However, the higher AW events may prove useful if the dependence (as
measured in the lower AW region) of the angular distributions on AW is not strong.

The statistical precision which we will obtain for these angular distributions is very
high (with tens of thousands of counts in the first few MeV above threshold). Such preci-
sion will allow measurement of very small o 1 and G components. Their contributions
will be evident in our angular distributions even if their magnitude is only a few percent
of the total cross section.

Finally, note that Table 2 indicates values for the expected uncertainties in extracting
o, and o for the Q% = 0.65 (GeV/c)? point. Although each AW-bin is expected to con-
tain greater than 10° counts (i.e. relative statistical error < 1%) the calculated uncertain-
ties for the extraction of the response functions assume an additional relative normaliza-
tion uncertainty of +1% for both the forward and backward cross sections. As mentioned
in Section 2 above, existing data indicate that the ratioc R = 6| /61 may lie anywhere
from 0.0 to 0.4. Therefore, the uncertainties in Table 2 are calculated for R = 0.1 and
0.2. These uncertainties show that we will be able to determine R to within an absolute
of approximately + 0.03. The dominant factor in the systematic uncertainty for extract-
ing the L and T response functions in the rapid variation in o, as a function of AW.
Since (as discussed in Section 5.2) we can determine the absolute scale of AW to a level
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TABLE 3. Estimated p(e,e”p)n Count-Rates for KIN Il and KIN III

25 hours for each of 6 Proton Settings = 150 hours per KIN
Luminosity = 1.1 x 10°® st 2
KINII KIN [i1

AW-Range | Counts AQ.n'/41t AW-Range Counts AQ.,I"/411:

(MeV) (x 10%) (%) (MeV) (x 10%) (%)
0-1 7.2 100 0.0 - 1.6 6.0 100
1-2 12.5 100 16 - 3.2 10.1 100
2-3 15.6 100 32 -48 12.5 100
3-4 17.9 99 48 - 6.4 14.5 100
4-5 19.6 95 64 - 8.0 15.7 100
5.6 21.1 91 8.0 - 96 16.8 98
6 -7 22.2 86 9.6 - 11.2 17.6 93
7 -8 23.1 81 11.2 - 12.8 18.5 86
8 -9 24.0 76 12.8 - 144 18.5 78
9-10 24.5 71 144 - 16.0 18.5 68
10 - 11 25.2 68 160 - 17.6 18.7 59
11 - 12 25.5 65 17.6 - 19.2 17.9 51
12 - 13 25.7 60 19.2 - 20.8 17.5 43
13 - 14 26.0 56 20.8 - 224 17.0 38
14 - 15 253 50 224 - 240 16.5 33

of 0.1 MeV, the relative systematic uncertainty introduced into the forward and backward
cross sections by our knowledge of AW is in the range of 1-2%. Contributions to the sys-
tematic uncertainty in these cross sections from other variations (i.e. photon flux factor,
epsilon, etc.) are small compared to this variation. Thus, the systematic uncertainty in
our extraction of all of the response functions (L, T, and LT and TT) enters at approxi-
mately the same level as our knowledge of relative normalization of the cross sections
(1%).

5.4 Backgrounds

Singles rates for (e,e”) and (e,p) were calculated using the computer codes QFS and
EPC [Lig 88]. Figure 6 shows typical (e,e’) and (e,p) cross sections for our kinematics
KIN I(f), where the proton singles-rate is highest. From these rates, accidental (e,e’ p)
rates were calculated assuming a 1 ns timing resolution. Since our "true” p(e.e’p)n
events will populate only a very particular and small part of the accepted kinematical
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phase-space (e.g. M, ;.. 547.45 £ 1.0-3.0 MeV, and AW < 20 MeV), only a small fraction
of any accidental (e,e’p) events will fall in our "coincidence" region of interest. There-
fore, to properly estimate the accidental background, only those accidental events popu-
lating these regions of interest are included. Sample distributions of the accidental
events in both M. and W are shown in Figure 6. Tables 4-7 contain all the specific
values for the singles rates and the accidental yields, along with the calculated Signal to
Noise ratios for the coincidence regions of interest. For the higher Q? points, contribu-
tions from accidental (e,e’p) events is negligible (S/N > 1000). At Q* = 0.65 (GeV/ic)?,
the accidental background is also small, contributing at the level of S/N = 17-75.

TABLE 4. Count-rate estimates for KIN I(D

Q% eoral = 0.65 (GeV/c)*; Forward e~ Angle (E, = 4 GeV)

Ap PO = £ 10 mr, AG™P = + 10 mr

Luminosity = 1.1 x 10** 5! ¢cm2
* Coinc.Region = (Mp;,, = 547.7 £ 2.0 MeV) & (W = 1487.7 + 2.0 MeV)

TRUES SINGLES S/N | TIME
Proton | Yoo Il Yoo Yer | Yep Yo Yo
Setting | (h') || (kHz) (kHz) | (kHz) (kHz) (hr™") (hr)
[in Coinc.Region]"
1 1228 10.9 0.8 2196 4322 60 20 12
2 6133 199.6 330.6 147 41 12
3 1012 1732 2447 42 24 12
4 8084 2095 346.2 48 28 12
5 5960 2346 4500 168 35 12
6 1146 2517 5677 69 17 12




TABLE 8. Count-rate estimates for KIN I(b)

-18-

Q%centrm1 = 0.65 (GeV/c)%;  Backward e~ Angle (E, = 1.6 GeV)
AY PO = + 30 mr, AG, P = + 60 mr

Luminosity = 1.1 x 10%® s~ cm2
* Coinc.Region = (Mp, =547.7£2.0MeV) & (W = 1487.7 £ 2.0 MeV)

TRUES SINGLES S/N | TIME
Proton | Yoo Yee Yor | Yop Yer Yo
Setting || (r) || (kHz) (kHz) | (kHz) (kHz) (hr) (hr)
lin Coinc.Region]”
L T —
1 839 27 738 | 1346 3817 25 33 12
2 4741 1205 293.1 64 74 12
3 699 1030 2143 19 37 12
4 952 121.1 3058 20 48 12
5 4204 1383 400.0 70 60 | 12
6 632 151.3  500.8 25 25 12
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TABLE 6. Count-rate estimates for KIN [1

Q%eniral = 3.0 (GeV/c): E, = 4.0 GeV
ApmMP = £ 30 mr, AQPVP = + 60 mr

Luminosity = 1.1 x 10°® s~V cm™
* Coinc.Region = (My,;,, =547. 7220 MeV) & (W = 149321 7.5 MeV)

TRUES SINGLES S/N | TIME
Proton | Yo || Yee Yor | Yep Yer Yo
Setting | (') [ kHz) (kHz) | (kHz) (kHz) (hr'?) (hn)
{in Coinc.Region]"
SE I — S

1 1518 0.46 1.3 66.4 76.4 1.4 1080 25

2 3549 422 43.7 14 2530 25

3 1231 24.7 22.9 0.5 2460 25

4 1663 43.8 55.0 0.8 2080 25

5 3392 68.1 94.2 2.1 1610 25

6 1285 99.3 150.6 1.8 710 25
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TABLE 7. Count-rate estimates for KIN III

Qoo = 4.0 (GeV/c)% E, = 6.0 GeV
Ap P = 4 30 mr, AGMPON = + 30 mr

Luminosity = 1.1 x 10°® s~ cm2
* Coinc.Region m (Mpiss = 547.7 £2.0 MeV) & (W = 1497.7 + 12 MeV)

TRUES SINGLES SN | TIME
Proton | Yo | Yoo Yor | Yoo Yee Yo
Setting || (') || (kHz) (kHz) | kHz) (kHz) (hr') (hr)
[in Coinc.Region]”
= —  ————— ——— ———————————— "

—

1 1388 || 048 008 | 372 321 0.7 1980 | 25

2 2380 204 160 0.5 4760 | 25

3 1050 100 7.1 0.2 5250 | 25

4 1334 216 209 0.3 4440 | 25

5 2137 389 410 0.8 2670 | 25

6 1166 642 734 1.0 1160 | 25

Also given in Tables 4-7, and shown in Figure 6, are the contributions from singles
n and n* background. These were also calculated with the EPC code, which has a
parameterization of multiple-pion production included. The nt” to electron ratio is gen-
erally quite favourable, except at the backward KIN I(b) where the ratio is = 30. The &+
to proton ratio gets only as high as = 3. Again, due to the narrow phase space of our
coincidence region of interest, even a pion rejection ratio of 1% would suffice to avoid
any significant contributions from pion contamination (design goal rejection ratio is
107%). Note that the total singles rate of both " and protons can become relatively high,
particularly for KIN I(f) where the rate can reach about 820 kHz; this rate should still be
acceptable, with the VDC’s designed to handle singles rates up to 1 MHz.

Finally note that, as has been true for all previous p(e,e’p)n experiments, there will
be unavoidable background present from those p(e.,e’ p)nn events which populate the
coincidence region of interest. However, because of our unprecedented missing mass
resolution for this type of experiment, the contribution from these events will be minim-
ized. We expect this background to be at the level of 10% or less of our true rate.
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5.5 Summary

We propose to measure the full center-of-mass M angular distributions from the
p(e,e” p)n reaction in the region near threshold for Q2 =4.0, 3.0, and 0.65 (GcVIc)z. The
angular distributions wiil be mapped as a function of excitation energy with very good
resolution in both energy (3W = 1.0 MeV FWHM) and angle (86,," < 5° FWHM, 8, <
10° FWHM). We will obtain sufficient statistical and systematic precision to allow
measurements of the 61 and Oy interference terms even if they are as small as a few
percent of the total cross section. In addition, a Rosenbluth separation will be done at the
lowest Q? value, allowing extraction of the ratio R = o} /Gy to a level of + 0.03.

6. Summary of Beam Time Requested

Below is a summary of the requested to perform the measurements proposed. All
times assume the previously quoted luminosity of 1.1 x 10°® s~lem™2,

BEAM TIME:

KINK) Q*=0.65(GeVic)?! E,=40GeV  6x 12 hours — 72 hours

KINIb) Q?=0.65(GeV/c)> E,=1.6GeV 6 x 12 hours — 72 hours

KINI  Q®=30 (GeVi)) E,=4.0GeV 6 x 25 hours — 150 hours

KINII  Q*=40 (GeVi)® E,=60GeV 6 Xx 25 hours — 150 hours
TOTAL — 444 hours

OVERHEAD TIME

Target cool-down and setup — 12 hours

Spectrometer diagnostics — 48 hours

Angle and momentum changes = 24 hours

GRAND TOTAL — 528 hours
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Figure 4

Figure §

Figure 6

FIGURE CAPTIONS

Total cross section data for y,p — S;,(1525) and for y,p = D,3(1520),
as presented in [Bra 84).

Kinematic contours for p(e,e’p)n at threshold (AW = 0 MeV). The
solid lines are contours for E, fixed at 1.6, 4.0, and 6.0 GeV, and the

- dashed lines for Q? fixed at 0.05, 0.20, and 0.65 (GeV/c)>.

Example of "kinematic focusing” effect. With electron kinematics
fixed at the central values for KIN II, shown in the space of (Proton lab
momentum) vs. (Proton angle with respect to §) are lines of constant
AW (solid lines) and @," (dashed lines).

Kinematic phase-space coverage for KIN Il for p(e.e’p)n with AW =
0-15 MeV. The top graph shows the population of the scattered elec-
tron momentum and angle, along with the limits of the spectrometer
acceptances shown by the solid lines. The bottom two graphs show the
population in the proton spectrometer coordinates. The central proton
coordinates (¢,"*"P°", §,7"P°") = (0°, 0°) are defined along the central
q direction (Bq = -21.46°). The solid indicate the limits of spectrometer
acceptances for each of the 6 proton settings,

Variation of estimated total counts and acceptances for p{e,e’p)n as a
function of cos(Bn‘) for various AW ranges. Results are shown for the
sum of all 6 proton spectrometer-settings for KIN II after 150 hours
running (25 hours per setting).

Accidental rates and singles cross sections for KIN I(f), proton setting
#1. The top 2 graphs show how the accidental (e,e’p) yield populate
missing mass and W; the dashed lines indicate the coincidence regions
of interest for the p(e,e’ p)n data. The bottom 2 graphs show the indivi-
dual (e.e”), (e.p), (¢,®7), and (e,n*) cross sections which contribute.
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p{e,e’pim Kinematics
AW = 0 MeV



p(e,e’p)n Kinematics: KIN II
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FIGURE 5

0: AW-range = 0.0 » 1.0 MeV
C: AW-range = 4.0 » 5.0 MeV
A AW-range = 8.0 — 9.0 MeV
B AW-range = 12.0 — 13.0 MeV

KIN II
Teotal Counts after 150 hours
Luminosity = 1.1 x 1038 s-'cny2

O1: AW-range = 0.0 - 1.0 MeV
O: AW-range = 4.0 5 5.0 MeV
A AW-range = 8.0 » 9.0 MeV
g: AW-range = 12.0 — 13.0 MeV
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"Accidental” (e,e’p) Yields with Luminosity = 1.1 x 1038 s-1cm-2
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